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During the evolution of direct development in the sea urchin Heliocidaris erythrogramma major modifications occurred,
which allowed the precocious formation of adult-specific structures and led to a novel larval body that surrounds these
structures. The HeET-1 gene was isolated in a differential screen for transcripts enriched in the early embryos of H.
erythrogramma relative to those of its indirect-developing congener, H. tuberculata. HeET-1 was unique among the three
genes found in that no homologous transcript was detected in H. tuberculata total embryonic RNA blots. To verify this
apparently extreme differential expression of the HeET-1 genes in Heliocidaris, we isolated the HeET-1 homologue from H.
tuberculata genomic DNA and used it to probe blots of poly(A)1 RNA prepared from H. tuberculata embryos. It is expressed
in H. tuberculata embryos at levels undetectable by this technique. The predicted amino acid sequence of HeET-1 suggested
that it encodes a novel secreted protein. To assess the function of HeET-1, we raised polyclonal antisera to the
HeET-1-encoded protein. We find that it is present in eggs in a type of secretory vesicle and that this maternal pool is
gradually secreted after fertilization. As cells acquire apical–basal polarity in the blastula the protein becomes localized to
the apical extracellular matrix, leading us to name the protein apextrin. The apical extracellular localization of apextrin is
maintained in the columnar cells of the larval ectoderm until their internalization at metamorphosis. Ingressing
mesenchyme cells rapidly endocytose apextrin upon leaving the vegetal plate. Comparison with fibropellin III, an apical
lamina component, suggests that apextrin is an extracellular protein that is in tighter association with the plasma
membrane than is the hyalin layer or apical lamina. We propose that apextrin is involved in apical cell adhesion and that
its high level of expression may represent an adaptive cooption necessary for strengthening the large H. erythrogramma
embryo. © 1999 Academic Pressr
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1INTRODUCTION
In an effort to understand the gene expression differences
that have come about during the evolution of direct devel-
opment in sea urchins, we have used a differential screening
procedure to isolate three abundant transcripts that are
enriched in the embryos of the direct-developing species
Heliocidaris erythrogramma compared to its closest
indirect-developing relative, H. tuberculata (Haag and Raff,
1998). All three of these cDNAs encode proteins that
possess signal peptides and thus are likely to be secreted.
One, an arylsulfatase, is a homologue of a known apical
extracellular matrix protein isolated from the sea urchins
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All rights of reproduction in any form reserved.Strongylocentrotus purpuratus and Hemicentrotus pulcher-
imus (Yang et al., 1989; Sasaki et al., 1988). Another,
eEL-1, is 39% identical to a secreted lectin from another
rchin, Anthocidaris crassispina (Giga et al., 1987). The
hird sequence, HeET-1, is novel, although 220 amino acids
ear its N-terminus show limited identity (24%) to the
acrophage-specific mouse gene Mps-1 (Spilsbury et al.,
995). Both HeEL-1 and HeET-1 are transcribed in the same
zone of larval ectoderm, but HeET-1 is unique in that it
failed to detect a homologous transcript in H. tuberculata
total embryonic RNA blots. (Haag and Raff, 1998). Given
their abundance as mRNAs and the probable extracellular
location of their protein products, it seemed possible that
HeET-1 and HeEL-1 both encode as yet undescribed com-
ponents of the extracellular matrix that are unusually
deployed in the direct-developing embryo of H. erythro-
gramma.
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78 Haag et al.The construction in early development of the extracellu-
lar matrix of the sea urchin embryo is relatively well
understood. At fertilization, a wave of calcium sweeps
across the egg, starting at the sperm entry point (Galione et
l., 1993). This wave is thought to stimulate exocytosis of
he cortical granules (Whalley et al., 1991), which in addi-
ion to elevating the fertilization envelope releases the first
omponents of the apical extracellular matrix, collectively
nown as the hyaline layer (HL). Initially believed to be
omposed of the protein hyalin and little else (Citkowitz,
972; Stephens and Kane, 1970), subsequent work has
hown that the HL is composed of multiple sublayers
omposed of numerous proteins synthesized during oogen-
sis and released from a variety of exocytotic vesicles at
ifferent times in development (Hall and Vacquier, 1982;
lliegro et al., 1988; Coffman and McClay, 1990; Bisgrove
t al., 1991; Matese et al., 1997). In cleavage-stage embryos,
he HL is thought to function primarily in holding the
lastomeres together (Citkowitz, 1971). At gastrulation,
ither protease digestion of the HL or addition of anti-
yalin antibodies can prevent invagination of the blas-
opore (Citkowitz, 1971; Adelson and Humphreys, 1988),
uggesting that at this stage cell–HL contact is crucial for
orphogenesis. In contrast, ingressing mesenchymal cells
electively lose their prior affinity for the HL (McClay and
ink, 1982).
In order to address whether the 1476-nt ORF within the
eET-1 mRNA is in fact translated, and if so to where it
ocalizes, we have generated polyclonal antibodies to por-
ions of the putative HeET-1-encoded protein. We show
hat the transcript is translated into protein in H. erythro-
ramma and that it is secreted as was predicted. Immuno-
ocalization experiments using the HeET-1 antiserum dem-
nstrate that it is localized in postblastula embryos to the
xtracellular matrix surrounding the apical ends of cells in
he extravestibular (larval) ectoderm, and thus we have
amed the protein apextrin. The localization of apextrin
ndicates that it is, in fact, a new component of the apical
xtracellular matrix.
The HeET-1 gene of H. erythrogramma has diverged in
equence from its homologues in H. tuberculata and S.
purpuratus (Haag and Raff, 1998). Thus the possibility
existed that the apparently differential expression seen in
RNA blots was exaggerated due to sequence divergence. We
have cloned the H. tuberculata genomic homolog, and
using this we again fail to detect any apextrin signal in
poly(A)1 blots of RNA prepared from H. tuberculata em-
bryos. Anti-apextrin antibodies could also potentially re-
veal expression of homologous gene products not detectable
with nucleic acid hybridization, but do not. We propose
that, analogous to a few other documented cases of gene
recruitment, a gene expressed at a low level in indirect-
developing sea urchins has been recruited to exhibit a very
high level of expression in H. erythrogramma embryos and
to have assumed a novel role as a major component of the
extracellular material of this large embryo. t
Copyright © 1999 by Academic Press. All rightMETHODS
Isolation of H. tuberculata Genomic Clone of
HeET-1 Homologue
A H. tuberculata genomic clone containing the 59 end of the
eET-1 homologue was isolated from a Lambda DASH genomic
ibrary (Kissinger, 1995) using a 32P-labeled PstI fragment of the H.
rythrogramma HeET-1 cDNA clone (Haag and Raff, 1998) by the
ethod of Sambrook et al. (1989). Lifts were hybridized in 1%
onfat dry milk, 3% SDS, 23 SSC at 55°C. Isolated phage DNA was
urified and the 385-bp HindIII–EcoRI fragment and 1.7-kb EcoRI–
coRI fragment were subcloned into Bluescript KS(1) (Stratagene).
Sequencing
Clones were sequenced using infrared-labeled primer thermo-
cycle sequencing (Epicenter) and run on an automated sequencing
machine (LiCor). Sequences were aligned to the HeET-1 sequence
sing the GCG software package (Genetics Computer Group 1994).
RNA Gel Blot Analysis
Total RNA was isolated using the method of Chomczynski and
Sacchi (1987) and poly(A)1 RNA was prepared using the Oligotex
RNA Kit (Qiagen). Five micrograms of total RNA and 1 mg of
ach poly(A)1 RNA sample, denatured with formamide, were
electrophoresed on a mini agarose–formaldehyde gel and blotted
onto Nytran membrane (Schleicher and Schuell). Blot was probed
with a gel-purified and 32P-labeled 420-bp HindIII–EcoRI genomic
DNA fragment using the Prime It II Random Primed DNA Labeling
Kit (Stratagene). Hybridization was carried out overnight at 41°C in
50% formamide, 53 Denhardt’s reagent, 53 SSPE, 0.1% SDS, and
00 mg/ml denatured herring sperm DNA. Final washing condi-
ions were 0.53 SSC/0.1% SDS at 65°C.
Bacterial Expression of Recombinant HeET-1
Proteins
Two different constructs were produced to generate bacterially
synthesized protein encoded by the HeET-1 cDNA open reading
frame. The first, pWR/8-1, was made by fusing a 922-nt EcoRI
ragment encoding amino acids 185–491 of the putative protein
nto the pWR-590 vector (Guo et al., 1984), fusing it in-frame to the
rst 590 aa of the Escherichia coli LacZ coding sequence. It was
xpressed at high level in XL1 Blue cells (Stratagene) as judged by
DS–PAGE and formed insoluble inclusion bodies, which were
rudely purified for injection using the method of Harlow and Lane
1988). A second expression construct, pQE/F1R1, was prepared by
igating DNA encoding codons 168–304 into the BamHI site of the
QE-30 vector (Qiagen) so that the HeET-1-derived sequence was
used to an N-terminal 6-residue polyhistidine tag plus 2 amino
cids encoded by the BamHI site. This was accomplished by using
CR to amplify this fragment, with a forward (N-terminal) primer
59CAGTGACTGAGGATTCATGCGCTACTTGACCAGTC39)
hat possesses a BamHI site external to codon 168 of the open
eading frame and a reverse (C-terminal) primer that was beyond a
indIII site (59GCCTGCTCCAGTATTCGTC39). Digestion of the
ragment with BamHI and HindIII enabled directional, in-frame
igation to the histidine tag. Recombinant protein was expressed in
he TG1 strain of E. coli and purified to roughly 99% purity using
he NTA nickel chelation resin (Qiagen).
s of reproduction in any form reserved.
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79Apextrin Is Associated with Larval Ectoderm EvolutionGeneration of Anti-HeET-1 Polyclonal Antisera
Two young rabbits were initially inoculated subcutaneously
with approximately 500 mg of pWR/8-1 inclusion body preparation,
emulsified 1:1 in Freund’s incomplete adjuvant. After 36 days, both
rabbits were boosted with 500 mg of pQE/F1R1 protein to encourage
mplification of HeET-1-specific antibodies. A 12-day postboost
lood sample was taken from each rabbit and shown to contain
ntibodies which recognize the recombinant proteins as well as
ntigens in proteins from H. erythrogramma embryos. Serum from
ne rabbit bound the pWR/8-1 controls very weakly and was not
sed further. The final boost was with a second dose of 500 mg of
pQE/F1R1. Serum was tested 11 days after the second boost. The
serum recognized both recombinant proteins at dilutions as high as
1:50,000. The serum was affinity purified by incubation of 500 ml
serum with 500 mg of denatured pQE/F1R1 protein that had been
un out on SDS–PAGE and electroblotted to a strip of nitrocellu-
ose. After extensive washing, anti-pQE/F1R1 antibodies were
luted from the strip by soaking in two 800-ml fractions of a low-pH
lution buffer (0.2 M glycine HCl, 0.5 M NaCl, 0.01% BSA). After
eutralization with 1 M Tris (pH 9.5), the antibodies were dialyzed
gainst four 1-L changes of phosphate-buffered saline (PBS; 8 g/L
aCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4; pH. 7.3) at
4°C. Final volume was roughly 2.0 ml.
Immunoblotting
SDS–PAGE was carried out using standard reducing conditions
(Sambrook et al., 1989), with the exception of the reduction of SDS
ontent to 50% of normal in both gel and Laemmli running buffer
hen SyPro Red (FMC Chemicals) staining was used to visualize
otal protein in gels. This had no effect on the apparent molecular
eight of any proteins, but enabled evenness of loading of staged
mbryonic proteins to be assessed and improved. Gels were elec-
roblotted to nitrocellulose in tanks with a transfer buffer consist-
ng of 3 g/L Tris base, 14.4 g/L glycine in 20% methanol (pH 8.3)
vernight at 50 mA.
Blots were washed in PBS, pH 7.2, with 0.05% Tween 20 (TPBS)
for 30 min and then blocked for 1 h in 5% nonfat dry milk, 0.1%
BSA dissolved in TPBS. After a brief rinse in TPBS, blots were
sealed into bags with purified serum diluted 1:5000 in TPBS with
0.5% normal goat serum (NGS) and 0.1% BSA. Incubations were
overnight at 4°C. Unbound antibodies were removed by two
15-min washes in TPBS. Goat anti-rabbit secondary antibodies
conjugated to horseradish peroxidase (GAR-HRP) were used at a
1:50,000 dilution (in the same solution as the primary antibody)
and incubated for 1 h. Detection of the primary1secondary com-
plexes was achieved through a peroxidase/luminol reaction using
the ECL chemiluminescence reagent (Amersham). Visualization
was via exposure to X-ray film (Kodak X-AR), generally for less than
10 s.
Immunostaining of Embryo Sections
Embryos were fixed with glutaraldehyde, embedded in paraffin,
and sectioned as described in Haag and Raff (1998). After dewaxing
in xylenes and rehydration in a stepped series of ethanol solutions,
the slides were blocked with 500 ml each of 10% NGS in PBS for
–6 h at room temperature, covered with coverslips in a humid
hamber. Blocking solution was drained off, and 500 ml of either a
1:500 dilution of purified anti-HeET-1 serum or a 1:167 dilution of
purified anti-fibropellin III serum (Bisgrove and Raff, 1993) in TPBS
plus 2% NGS was added. Slides were again coverslipped and e
Copyright © 1999 by Academic Press. All rightincubated overnight at 4°C in a humid chamber. After three washes
in PBS, primary antibodies bound to tissues were detected with the
HistoStain SP biotin/streptavidin/HRP amplification system
(Zymed, South San Francisco, CA) and 3,39-diaminobenzidine
tetrahydrochloride (DAB; also Zymed). The biotinylated anti-rabbit
secondary antibody and streptavidin/HRP reagents were diluted 1:1
in TPBS. A color detection cocktail containing DAB, buffer, and
peroxide was used full strength as directed. Generally 15–30 s was
sufficient to give strong localized signals. Longer times only
increased background staining. After being rinsed in distilled
water, slides were counterstained with hematoxylin and mounted
directly with an aqueous medium. Differential interference con-
trast images were captured digitally.
RESULTS
Detectability of HeET-1 Homologue mRNA in H.
tuberculata Embryos
HeET-1 was identified as a putative H. erythrogramma-
specific embryonic mRNA by virtue of the inability of the
HeET-1 cDNA to hybridize to H. tuberculata total embry-
onic RNAs in blot analyses. However, genomic Southern
analysis indicated that the H. erythrogramma cDNA was
apable of identifying homologous sequences in H. tuber-
ulata genomic DNA under similar hybridization condi-
ions, although these signals were relatively weak (Haag
nd Raff, 1998). This did not exclude the possibility, how-
ver, that a low level of transcript was present in H.
uberculata embryos. To address this issue, we have iso-
ated a genomic clone encoding a H. tuberculata HeET-1
omologue. It contains coding sequences that are 79%
dentical to the first two exons of the HeET-1 gene (Fig. 1).
he predicted 140-aa sequence of this partial homologue,
epresenting 29% of the total H. erythrogramma coding
equence, is 76% identical to that of apextrin and encodes a
utative hydrophobic signal peptide. This degree of identity
s less than that exhibited by other orthologous coding
equences that have been examined thus far in Helioci-
aris, which range from 99% nt/100% aa for the cytoplas-
ic actin CyI (Hahn et al., 1995) to 86% nt/78% aa for the
-terminal 87 codons of msp130 (Klueg, GenBank Acces-
ion Nos. X93212 and X93213). We have used this H.
uberculata homologue to repeat the blot analysis of em-
ryonic RNA, this time using poly(A)1 preparations to
enhance sensitivity (Fig. 2). No HeET-1 homologue was
detected in H. tuberculata mRNAs using this assay, though
the probe did recognize its counterpart in H. erythro-
gramma total RNA.
Anti-HeET-1 Antisera Recognize Epitopes Specific
to Embryos of H. erythrogramma
Two different recombinant fusion proteins were pro-
duced by ligation of portions of the HeET-1 ORF with two
acterial expression vectors. A simple affinity purification
as carried out using blotted strips of the pQE/F1R1 anti-
en, and the resulting serum was used for all subsequent
xperiments. The presence of HeET-1-encoded proteins was
s of reproduction in any form reserved.
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80 Haag et al.assayed in immunoblots of SDS–PAGE run with embryonic
H. erythrogramma proteins (Fig. 3A). A single abundant
protein with an apparent molecular weight of 74 kDa is
detected by the purified antiserum. This is larger than the
54 kDa size predicted for the unmodified, full-length HeET-
1-encoded peptide. Long exposures of the chemilumines-
cent blots also failed to detect a 54-kDa peptide. The
specificity of the serum was assessed with control blots
FIG. 1. Alignment of apextrin homologues in H. tuberculata and
sequence are shown. The first 21 amino acids comprise a conserve
marks the conserved location of intron 1.using preimmune serum. At comparable dilution and expo- t
Copyright © 1999 by Academic Press. All righture, preimmune serum failed to identify the 74-kDa pro-
ein or any other (not shown).
The abundance of the HeET-1 protein does not vary
reatly over the stages assayed. This is in contrast to the
eET-1 mRNA, which is gradually upregulated from unde-
ectable levels in the egg to great abundance by the time
udiment development begins (Haag and Raff, 1998). A
ignificant maternal load of HeET-1 protein exists in unfer-
rythrogramma. The 59 UTR and N-terminal two exons of coding
nal peptide, and the vertical bar between nucleotides 435 and 436H. e
d sigilized eggs. This maternal protein persists with some
s of reproduction in any form reserved.
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81Apextrin Is Associated with Larval Ectoderm Evolutionattrition at least until transcription becomes active in the
blastula. After the onset of transcription, levels of HeET-1
protein rise overall, but plateau by 36 h of development. By
day 4 after fertilization, larvae competent to undergo meta-
morphosis have a reduced amount of protein relative to this
plateau.
To determine whether the HeET-1 antiserum could re-
veal expression of homologous proteins in related indirect-
developing species, blots of protein from eggs and fully
developed plutei of these species were produced and probed
(Fig. 3B). None were detected by the antiserum, similar to
the results obtained in the RNA blot experiments. Near-
metamorphic proteins from H. tuberculata and S. purpura-
tus cannot currently be produced in quantities sufficient for
immunoblot analysis, but an immunohistology experiment
on sections of S. purpuratus from this stage is described
below.
Immunolocalization of HeET-1 Protein
Sections of H. erythrogramma eggs, embryos, and larvae
ere stained with anti-HeET-1 antibodies and assayed for
ntibody binding (see Methods). Unfertilized eggs possess a
arge number of intensely staining immunopositive par-
icles (Fig. 4A), which are either uniform throughout the
ytoplasm or concentrated around the cortex of the cell,
pparently depending on the maturity of the egg. In cleav-
ge stages (Fig. 4B), the bulk of these particles exists at
ortices of the blastomeres, and staining is also apparent in
he hyaline layer portion of the extracellular matrix. Thus
egulated secretion of maternal HeET-1 protein occurs after
ertilization, but is spread out over the first several hours of
leavage.
Beginning in the blastula, staining becomes localized to
he apical ends of the blastoderm (not shown). As gastrula-
ion begins, invaginating cells of the archenteron remain
FIG. 2. RNA gel blot analysis of H. tuberculata embryonic
poly(A)1 RNAs with the H. tuberculata apextrin homologue as
probe. Top is the blot probed with H. tuberculata apextrin, with
the size of the control H. erythrogramma transcript indicated in kb.
The bottom is the same blot stripped and reprobed with a Helioci-
daris cytoplasmic actin probe. The weak actin signal in the H.
tuberculata early blastula lane is expected, as no actin mRNA is
abundant at this stage (Kissinger and Raff, 1998). eb, early blastula;1mb, mesenchyme blastula; g, gastrula; pr, prism.
Copyright © 1999 by Academic Press. All righteropositive, as do nascent mesenchyme cells ingressing
rom the vegetal plate. However, these latter cells lose their
olumnar shape and contain intracellular HeET-1-staining
articles (see Figs. 4C and 4D). High-magnification views of
issociated gastrula ectodermal cells reveal that the HeET-1
rotein in ectoderm forms a cap around the apex of each cell
Fig. 4E). In light of this, we have named the novel protein
roduct of the HeET-1 gene apextrin, for its apical extracel-
ular localization.
In order to assess whether other components of the ECM
re also carried into the blastocoel by ingressing mesen-
hyme cells, we stained sections of H. erythrogramma
astrulae with an antibody to the uEGFIII-encoded fibro-
ellin protein, which is localized to the apical lamina in H.
rythrogramma (Bisgrove and Raff, 1993; Bisgrove et al.,
FIG. 3. Protein gel blot analysis with affinity-purified anti-
HeET-1 sera. (A) Developmental timing of expression of an immu-
noreactive protein of approximately 74 kDa in H. erythrogramma.
Left is a lumigraph of a blot of staged H. erythrogramma proteins,
the right is an image of the 7.5% SDS–PAGE before blotting,
stained with SyPro red and photographed to show loading. Samples
are as follows: (1) unfertilized egg, (2) 4-cell embryo, (3) 10-h
unhatched blastula, (4) 23-h gastrula, (5) 36-h vestibule stage, (6)
62.5-h advanced rudiment stage, (7) 98.5-h competent larva, (8) 100
ng F1R1 peptide (derived from HeET-1 sequence—see Methods).
Apparent molecular weights in kDa are indicated on the left; arrow
marks dye front of gel, where the F1R1 peptide migrates under
these conditions. (B) Absence of immunoreactive epitopes in
indirect-developing species. Left and right represent a lumigraph
and a stained protein gel as described for A. Samples are loaded as
follows: (1) 36-h H. erythrogramma, (2) H. tuberculata unfertilized
egg, (3) H. tuberculata 72-h pluteus, (4) S. purpuratus unfertilized
egg, (5) S. purpuratus pluteus, (6) 100 ng F1R1 peptide.995). As shown in Fig. 4H, no staining of mesenchyme
s of reproduction in any form reserved.
82 Haag et al.FIG. 4. Immunolocalization of HeET-1 protein (apextrin) in embryos and larvae of H. erythrogramma and comparison with immunolo-
calization of the apical lamina protein fibropellin III. Brown material is DAB precipitate, indicating bound primary antibody. Blue color is
hematoxylin-stained chromatin. (A) Unfertilized egg, showing cortically enriched, punctate distribution of HeET-1 protein. (B) Higher
magnification view of a nascent 4-cell embryo, showing extracellular staining and intracellular vesicles lined up along the cleavage furrow
(arrow). (C) 20-h gastrula, showing apical staining of ectoderm and archenteron and additional staining in ingressing mesenchyme. (D)
Close-up of C, showing staining of punctate, intracellular structures in mesenchyme (arrows). (E) Higher magnification image of partially
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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83Apextrin Is Associated with Larval Ectoderm Evolutioncells is observed. McClay and Fink (1982) reported that
mesenchyme cells lose their connection to hyalin as they
ingress. Our results show that in H. erythrogramma this is
also the case for fibropellin III, but not for apextrin.
In 38-h embryos that are developing the echinus rudi-
ment the antibody detects apextrin on the apical faces of
the gut and coelom, but this staining is weaker and less
uniform than apical staining of the ectodermal cells (not
shown). This loss of uniformity of apextrin staining in the
endoderm and mesoderm occurs in conjunction with the
loss of detectable HeET-1 transcripts in nonectodermal
issues after gastrulation (Haag and Raff, 1998). As rudi-
ent morphogenesis continues (Fig. 4F), protein in the
estibular ectoderm becomes less uniform as its surface
dissociated ectoderm cells (due to use of Tween in protocol) of a
advanced rudiment stage. (G) Oblique section through a 20-h gastr
the mesenchyme cells in G, showing absence of staining. fe, fertiliz
FIG. 5. Apextrin immunolocalization during metamorphic eversio
n the eversion process were sectioned and stained with anti-apex
arva, showing staining exclusively in extravestibular ectoderm. (B
ne aboral region and enclosure of the lipid-filled blastocoel remn
rawling juvenile, showing complete internalization of apextrin-
orphology of internalized cells. cb, ciliary band; g, gut; l, develop
estibule lining; xe, extravestibular ectoderm. Scale bar (A), 91 mmbar (E), 14 mm for E, 23 mm for D and H, 36 mm for A, 46 mm for B, an
Copyright © 1999 by Academic Press. All rightrea increases. As with the gut and coeloms, this is coinci-
ent with the cessation of transcription in this tissue.
In situ hybridization experiments (Haag and Raff, 1998)
ndicate that the extravestibular ectoderm which expresses
eET-1 mRNA is internalized during metamorphic ever-
ion and that transcription ceases at this point. To deter-
ine if this is mirrored by apextrin expression, a similar set
f metamorphosing animals was probed with the anti-
pextrin antibody (Fig. 5). At this late stage of larval
evelopment, staining is detected only in the extravestibu-
ar ectoderm, indicating that protein turnover has cleared
pextrin from tissues not transcribing the HeET-1 gene.
Figure 5 demonstrates the striking involution of the extra-
vestibular ectoderm that occurs at metamorphosis and that
gastrula, showing an apical cap of apextrin on each cell. (F) 62-h
tained with anti-fibropellin III. (H) Higher magnification image of
envelope; hl, hyaline layer; vl, vestibular lining; tf, tube feet. Scale
H. erythrogramma. Four-day-old sibling animals at different points
ntibodies as described under Methods. (A) Competent swimming
imal in mideversion, showing concentration of larval ectoderm to
by the ectoderm formerly comprising the vestibular lining. (C) A
aining larval ectoderm. (D) 3.23-magnified view of D, showing
ristotle’s lantern; pe, pedicellarium; tf, tube foot; vl, ectoderm of
ll images except for D.20-h
ula s
ationn in
trin a
) An
ant
cont
ing Ad 91 mm for C, F, and G.
s of reproduction in any form reserved.
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84 Haag et al.apextrin protein is easily detectable after transcription has
ceased. This staining is not seen in 11-day postfertilization
juveniles, however, indicating that the apextrin protein is
destroyed within a week after metamorphosis (not shown).
DISCUSSION
Apextrin: A Novel Maternal and Zygotic
Component of the Apical Extracellular Matrix
The antibodies produced to peptides encoded by the
HeET-1 gene of H. erythrogramma detect a 74 kDa protein
in embryonic protein extracts. This size is roughly 20 kDa
larger than that predicted for the amino acid sequence of the
complete HeET-1 cDNA (Haag and Raff, 1998), which is
consistent with posttranslational modification of apextrin.
Given the existence of four potential N-linked glycosyla-
tion sites, it is likely that much or all of the additional
apparent molecular weight of the mature protein represents
carbohydrate moieties. Western blots of egg and cleavage-
stage proteins reveal a major maternal store of protein,
although there is no corresponding store of HeET-1 mRNA
(Haag and Raff, 1998). This maternal protein is packaged
into secretory vesicles during oogenesis, and these take up
a largely but not exclusively cortical position in the unfer-
tilized egg. After fertilization, apextrin is secreted uni-
formly to the periphery of blastomeres, a process that
continues during the early cleavage stages. This gradual
release is distinct from the rapid (less than 1 min after
sperm entry) exocytosis of hyalin in the cortical granules
and is strikingly similar to the mobilization of maternal
pools of the apical extracellular antigens of Lytechinus
variegatus embryos recognized by the monoclonal antibod-
es 8d11 and 1b10 (Alliegro and McClay, 1988; Matese et
l., 1997).
Extracellular proteins in general (Engel et al., 1994) and in
sea urchins in particular (Bisgrove and Raff, 1991) are often
produced by dynamic evolution featuring the duplication
and cooption of modules. In addition, recruitment of ances-
trally intracellular proteins in toto into extracellular func-
tions has occurred in sea urchins (Yang et al., 1993).
Apextrin does not appear to represent a case of modular
evolution, as its sequence contains neither repeated se-
quences nor conserved domains common to ECM proteins.
The conservation of a signal peptide in the H. tuberculata
homologue suggests that it has been extracellular at least
since the last common ancestor of Heliocidaris, roughly 10
million years ago, but the ancestral tissue in which it was
expressed remains to be discovered.
Relation of Apextrin to Other Components of the
Apical ECM
The slow exocytosis of apextrin-staining vesicles relative
to cortical granules suggests that they may add their con-
tents to the apical ECM underneath the hyaline layer. The
staining of cleavage-stage blastomeres (Fig. 4B) reveals
apextrin antigens throughout the ECM. But later in devel- m
Copyright © 1999 by Academic Press. All rightpment, several observations suggest that apextrin is closer
o the plasma membrane than the HL or apical lamina.
irst, ingressing mesenchyme cells carry apextrin into the
lastocoel as they ingress, although they do not carry hyalin
ayer components (McClay and Fink, 1982) or the apical
amina protein fibropellin III (Fig. 4H). The punctate stain-
ng observed in these cells indicates that they are endocy-
osing the protein as they change from columnar to mesen-
hymal form. Second, a similar endocytosis in ingressing
esenchyme cells of the sea urchin embryo has been
bserved for cadherin (Miller and McClay, 1997), a protein
nown to be anchored in the plasma membrane via a single
embrane-spanning domain (Takeichi, 1990). Finally,
igh-magnification views show that apextrin staining
orms an apical cap around each columnar blastomere.
hese observations have led us to hypothesize that the
pextrin protein is part of the innermost layer of the H.
rythrogramma apical ECM, beneath the classically defined
yaline layer and apical lamina (Fig. 6). This model does not
reclude apextrin from also participating in more superfi-
ial layers, however, and this seems likely in cleavage
tages. It is also possible that apextrin, like cadherin, is also
irectly connected to the apical plasma membrane.
The Transformation of Apextrin Expression in the
Evolution of Direct Development
The ancestral role of apextrin is difficult to assess. Nei-
ther RNA blot experiments employing probes from both
species nor polyclonal antibodies to the H. erythrogramma
apextrin protein are able to detect homologous gene prod-
ucts in early embryos, plutei, or adult tissues sampled (B.
Sly and R. Raff, unpublished data) of H. tuberculata.
Apextrin antibodies also fail to detect a signal in 11-day-old
juveniles of H. erythrogramma and fed plutei of S. purpu-
atus with advanced rudiments (not shown). These results
FIG. 6. Model for localization of apextrin protein in the apical
extracellular matrix in H. erythrogramma after the establishment
of cellular polarity in the blastula. The diagram depicts the arrange-
ment of apextrin in relation to the hyalin layer (HL), apical lamina
(AL), and basal lamina (BL).ay mean that only H. erythrogramma utilizes apextrin in
s of reproduction in any form reserved.
d
e
h
(
a
g
(
R
f
T
a
e
g
m
m
e
c
d
H
t
i
85Apextrin Is Associated with Larval Ectoderm Evolutionlarval life, but it is also possible that it has always func-
tioned primarily in early embryonic development. Since
apextrin mRNA cannot be detected by poly(A)1 RNA blot
analysis in H. tuberculata, we suggest that the gene may
have a low level of expression in the H. tuberculata
embryo, but does not contribute a significant part of the
ECM. There are several examples of gene cooption events in
which a gene encoding an enzyme product becomes incor-
porated into part of a different program in which it is
expressed at a high level and plays a novel, often structural,
role (e.g., Numata et al., 1991; Sasaki et al., 1988). The best
ocumented example has been the recruitment of genes
ncoding metabolic enzymes into the production of very
igh levels of these enzymes as lens crystallins in eye lenses
Piatagorsky and Wistow, 1989). These cooption events are
ccompanied by changes in 59 regulatory regions of the
enes (Sharon-Friling et al., 1998).
Roles for Apextrin in the Evolution of Direct
Development
Both the primary sequence and the level of expression of
the apextrin protein have undergone substantial change
during the evolution of direct development in H. erythro-
gramma. Why should such modifications should occur in a
gene expressed in a tissue which is largely uninvolved with
the highly accelerated rudiment development so character-
istic of H. erythrogramma? Our data and those of others
Bisgrove et al., 1995; Lowe and Wray, 1997; Kissinger and
aff, 1998) demonstrate that the evolution of strictly larval
eatures has also occurred, particularly in the ectoderm.
he extravestibular ectoderm H. erythrogramma is colum-
nar rather than squamous or cuboidal as in the pluteus
ectodermal territories and is approximately fivefold thicker
than the oral ectoderm of H. tuberculata. Despite their lack
of supporting spicules, H. erythrogramma embryos are
quite durable when handled, even when unsupported by
water (our own unpublished observations) or subjected to
high-speed centrifugation (Emlet and Hoegh-Guldberg,
1997). The importance of larval ectoderm in H. erythro-
gramma development is further indicated by the fate map
of the 32-cell embryo (Wray and Raff, 1990). As no larval
feeding occurs, allocation of embryonic blastomeres is
required for all subsequent morphogenesis. Fully 26 of 32
cells give rise to ectoderm, and of these 8 produce vestibular
ectoderm and the rest (over half the mass of the embryo)
extravestibular ectoderm. These two ectodermal domains
form discrete gene expression territories in H. erythro-
gramma (Haag and Raff, 1998).
The greatly increased size of the H. erythrogramma larva
relative to H. tuberculata poses a unique set of biomechani-
cal challenges which must be met by the ectoderm. These
challenges include the considerable shear forces of surf
zones, which will affect an embryo in proportion to its
length (Denny, 1988); the lipid-filled blastocoel remnant of
H. erythrogramma, which may be at greater risk for being
punctured; and the increased exposure to surface tension
the buoyancy imparted by the lipid reserves imparts. In
Copyright © 1999 by Academic Press. All rightddition to external forces, a larger embryo would be
xpected to generate greater internal forces during morpho-
enesis. Gastrulation and the invagination of the vestibule
ay stress the surrounding ectoderm, and such forces
ight have required the evolution of an ectoderm strong
nough to resist them. As a protein which is in a position to
ement together the apices of the cells of the larval ecto-
erm, the upregulation and derived sequence of apextrin in
. erythrogramma may represent adaptations which allow
he direct-developing embryo to survive these extrinsic and
ntrinsic stresses.
Apextrin as a Marker for Tracking Tissue
Topology during Metamorphosis
Several workers have described the events of metamor-
phosis in indirect-developing species of sea urchins. How-
ever, these accounts have either focused on external aspects
readily observed in whole animals (MacBride, 1903; Hine-
gardner, 1969; Pearse and Cameron, 1991) or the ontogeny
of the adult skeleton (von Ubisch, 1913). Using anti-
apextrin staining of sectioned H. erythrogramma animals at
different stages of metamorphosis, we can observe the fate
of the larval ectoderm. These experiments show that anti-
bodies to the apextrin protein provide a more sensitive
marker for this tissue than in situ hybridization to mRNA
(Haag and Raff, 1998), probably because the protein persists
for some time after transcription ceases. Using this assay,
the internalized former larval ectoderm appears to be a
disordered clump of cells, which lie within an epithelium-
bounded compartment of unknown identity on the aboral
side of the juvenile. Higher magnification views of internal-
ized apextrin-staining cells (Fig. 5D) show that they have
lost their regular columnar shape after internalization.
Their plasma membranes appear ragged, but their nuclei are
of normal size and shape. Preliminary experiments suggest
that apextrin staining persists for at least 2 days after
metamorphosis, but is eliminated by 1 week after eversion
(not shown). Whether this elimination is due to simple cell
lysis, apoptosis, or redifferentiation of the cells into a new
fate is not yet known. This loss of a protein restricted to
larval ectoderm is reminiscent of the epidermis of the
Xenopus tadpole, which gradually downregulates expres-
sion of a set of extracellular proteins of the tadpole epider-
mis during metamorphosis (Furlow et al., 1997). Because
metamorphosis-competent larvae of H. erythrogramma can
be obtained in large numbers without feeding and after only
4 days of culture, they are ideal for further studies of the
dramatic events of sea urchin metamorphosis.
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